Especially, age-related neurodegenerative pathologies, such as amyotrophic lateral sclerosis and Alzheimer's disease, have been linked to gradual derailment of proteostasis and protein aggregation. Furthermore, it has been shown that alterations in the proteostasis of cardiomyocytes may play an important role in the development of cardiovascular diseases. 3 Accordingly, several studies have provided evidence for an important role of misfolded proteins in the pathophysiology of heart failure, cardiac hypertrophy, dilated and ischaemic cardiomyopathies, and atrial fibrillation. [4] [5] [6] [7] [8] [9] Prevailing theories of impaired protein homeostasis mainly focus on disturbances of the fine-tuned balance of cellular production, folding, and degradation of proteins. In heart and skeletal muscle, the dissociation of the ATPase myosin from actin filaments generates mechanical force by shortening the sarcomere. 10 The cleavage of either a phosphate or pyrophosphate (PP i ) unit from ATP provides the energy that fuels the cellular machinery and induces muscle contraction. Like most other ATP-utilizing enzymes, the Michaelis-Menten constant (K m ) of cardiac myosin lies in the micromolar range (40 ± 6 mM for beta-myosin), 11 whereas the purine nucleotide ATP is typically present in millimolar concentrations in the cytoplasm of cardiac myocytes. 12 The reason why the K m value of myosin is more than 10-fold lower than the intracellular ATP concentration has remained enigmatic for a long time. The recently published paper by Patel et al. 1 provides an interesting explanation for this discrepancy.
Herein, the authors describe a novel physiological function of ATP that has been overlooked so far, namely its propensity to act as a biological hydrotrope.
Hydrotropes are a physicochemically defined class of diverse low molecular-weight compounds that, at high concentrations, enhance the solubility of sparingly present solutes, such as a variety of non-polar proteins and organic substances, which are practically insoluble under normal aqueous conditions. 13 In contrast to classical micelle-forming detergents, the surface-active and amphiphilic hydrotrope molecules have shorter hydrophobic regions and therefore do not cause spontaneous self-aggregation in the aqueous phase. To enhance the solubility of lipophilic proteins, the chemical structure of hydrotropes must consist of two essential parts, an anionic or polar group and an aromatic ring or ring system. The ubiquitous ATP fulfils all the structural requirements for a conventional hydrotrope since its negatively charged triphosphate moiety attracts water molecules, whereas the planar adenosine ring system ensures hydrophobicity as a prerequisite for hydrotropic solubilization. Using the purified RNA-binding protein fused in sarcoma (FUS) in liquid-liquid phase separation experiments, Patel et al.
1 tested the potential hydrotropic effects of ATP and found that millimolar concentrations of this purine nucleotide kept green-fluorescent protein (GFP)-tagged FUS in a water-soluble state and prevented its accumulation into separate liquid drops. The authors showed that ATP not only inhibited the phase separation of FUS-GFP, but also stabilized the native globular state of boiled chicken egg white in a dose-dependent manner. Moreover, ATP or a non-hydrolysable derivate thereof inhibited both the formation of amyloid fibres from synthetic Ab42 peptides and the aggregation of the prion domain of the yeast Mot3 protein, confirming that ATP (and most likely also GTP) has hydrotropic properties. The intracellular amount of ATP declines with ageing or impaired mitochondrial oxidative phosphorylation. 2, 3 Both, ageing and impaired energy supply are major determinants of cardiovascular diseases such as heart failure, cardiac hypertrophy, dilated and ischaemic cardiomyopathies, and atrial fibrillation. [14] [15] [16] According to the recent finding by Patel et al., 1 reduced ATP levels may not only play a major role in impaired energy supply but also in disrupted cellular protein homeostasis. Cellular accumulation of protein aggregates has been observed in cardiomyocytes from patients with idiopathic dilated or hypertrophic cardiomyopathy, heart failure, and ischaemic heart disease. 3 Since aggregated proteins may become toxic, damage the cell structure and impair cellular functions, it is very likely that protein aggregates play an important pathophysiological role. In addition, local ATP concentrations may be required to stabilize protein domains containing hydrophobic surfaces, thereby ensuring proper protein-protein interactions.
The next steps for the cardiovascular scientific community are to understand whether this new biology is relevant for the human myocardium, and understand its importance in specific myocardial disease states, where intracellular ATP levels are affected (e.g. in ischaemic or non-ischaemic heart failure, in ischemia/reperfusion injury and others). If the hydrotropic role of ATP is proven to be critical for macromolecular protein complexes in the human cardiomyocyte, then pharmacological and non-pharmacological strategies to increase ATP bioavailability may have beneficial effects not only related to the restoration of impaired energy supply but also to the stabilization of the myocardial sarcomeric apparatus. 17 Future research will decipher whether indeed the protection afforded by elevated intracellular ATP levels contributes to the preservation of damaged myocardium and, in particular, whether the newly discovered hydrotropic property of ATP is important in this context.
